The optic tectum is a dorsal, prominent and well corticalised structure of the ®sh brain. It grows according to a pattern exceptional in the vertebrate central nervous system, by addition of radial columns of cells at its periphery. We took advantage of this peculiar feature to readily identify genes differentially expressed in the tectal proliferative (marginal) vs. post-mitotic (central) zones. Out of 500 medaka cDNA clones screened by WMISH, more than 100 were expressed in one or the other of these zones. Unexpectedly, we also identi®ed a small class of genes expressed between these two zones. All the characterised genes of this class encode down regulators of the cell cycle. Therefore, such a screening strategy allows in particular cases to raise testable hypotheses on the involvement of genes in the control of the cell cycle, in addition to characterising unknown genes with patterned expression related to cell proliferation. q
Introduction
After the steps of neural induction and territory speci®ca-tion, the various structures of the vertebrate central nervous system (CNS) are progressively built by a set of cellular processes commonly referred to as morphogenesis. Among these events, cell proliferation, cell migration and cell death (apoptosis) have long been known to be of primary importance (Raff, 1996) . We chose to address the question of the genetic control of cell proliferation using the medaka (Oryzias latipes) tectum mesencephali, or optic tectum (OT) as a model system. In this small teleostean ®sh, the tectum is, quantitatively, the most important and, histologically, one of the most differentiated structures of the brain, with a clear cortical organisation of its neuronal elements (Northcutt, 1983; Vanegas and Ito, 1983) . A previous 5-bromo-2 H -deoxyuridine (BrdU) study (Nguyen et al., 1999) demonstrated that the OT is built in two phases: an initial period of widespread proliferation ®rst generates the rostro-medial pole of the OT; then, using this pole as nucleation centre, the OT is built by continuous addition of radial columns of cells generated by a proliferative zone located at the lateral, caudal, and medial edge of the OT. The tectal mitotic zone thus assumes the shape of a peripheral crescent, or horseshoe, in late embryos, fry, and adult ®sh. We took advantage of the unique shape of this neuroepithelium to undertake a systematic screen for genes regulating cell proliferation and differentiation in the CNS. A gene expressed in the proliferative zone of the tectum exhibits an expression pattern, which is readily recognisable under the dissecting microscope ( Fig. 1) , all the more so because the OT is a prominent dorsal structure located on the surface of the brain. This peculiarity, combined with the characteristics of the medaka (external development and large numbers of transparent embryos), makes a remarkably favourable situation for a systematic genetic screen. It should be noted that this mode of growth is quite exceptional in the vertebrate CNS; to the best of our knowledge, the only other system exhibiting a similar growth mode is the retina of amphibians and ®shes (Straznicky and Gaze, 1971; Johns, 1977; Johns and Easter, 1977) , which also grows by addition of new cells at the ciliary marginal zone, a peripheral ring of undifferentiated cells located at its periphery. This peculiar process has indeed been dissected by cloning and ®nely mapping the expression of known neurogenic genes .
Randomly isolated cDNAs and subsequent in situ hybri-disation analysis have proved to be a successful approach to isolate differentially expressed genes (Gawantka et al., 1998; Henrich and Wittbrodt, 2000; Thisse et al., 2000) . Indeed this approach allows direct access to the DNA sequence and re¯ects endogenous gene expression. Here we describe an expression screen of 500 cDNAs by whole-mount in situ hybridisation in medaka embryos and adult brains. Of all the cDNAs, a quarter are expressed in a spatially regulated manner during embryogenesis and in adult. Amongst these patterned genes, some genes show a speci®c expression in the tectum, restricted to either the tectal proliferative or post-mitotic zone. A few others are expressed between these two zones. We performed a systematic histological study on the embryos and brains exhibiting a patterned gene expression. This study thus yielded an abundance of molecules involved in cell growth and differentiation at both embryonic and adult stages.
Results
To isolate genes potentially controlling OT development, anterior brains of stage 30-31 medaka embryos were dissected out and used to generate a cDNA library (Fig.  2) . We selected this stage for the following reasons: (i) the germinative epithelium is for the ®rst time clearly restricted to the margin of the tectal plate and (ii) the tectum shows little or no sign of differentiation in the radial dimension (i.e. no layers are visible, Nguyen et al., 1999) . In this condition, our screen was designed to be focused on genes implicated in the regulation of cell proliferation rather than later events of differentiation (neuronal migration, building of tectal layers, formation of axonal projections, among others).
About 500 cDNAs issued from 4000 picked clones were analysed by whole-mount in situ hybridisation. Of these, 32% did not show any staining, 41% were ubiquitously expressed, and 27% exhibited a differential expression pattern. Seventy six percent of the differentially expressed genes showed an expression in the tectum (and possibly in other structures) and the others (24%) were not expressed in the OT, but in other regions of the CNS (Fig. 3) . Sequence analysis revealed that about three quarters of the differentially expressed clones correspond to sequences known in other organisms and a quarter present no signi®cant similarity with any known sequence.
Given the very peculiar mode of growth of the medaka OT, we expected to identify genes expressed either in the proliferative zone (in the peripheral crescent) or in the post- . Protocol used to dissect the embryos for the cDNA library. The heads of stage 30±31 embryos were broken using a needle (black arrow). The nervous tissue taken consists mostly in tectal tissue (blue); a little amount of non-nervous tissues is also taken, notably the heart (red). See text for further details. Fig. 3 . Histogram showing the quantitative results of the screen: (A) Global results; out of 500 cDNAs, 41% were ubiquitously expressed (red), 32% did not show any staining (blue), 27% exhibited a differential expression pattern (green); (B) 76% of the differentially expressed genes showed an expression in the tectum and possibly in others structures and 24% were not expressed in the tectum but other regions of the CNS, or outside the CNS. mitotic (central) zone (Fig. 1) . We indeed found genes expressed in these two areas and, in addition, we unexpectedly discovered some genes expressed in a crescent at the border between these two zones (Fig. 4) . Finally, our screen yielded a number of genes expressed in restricted brain nuclei, during development and in adults, as well as a limited number of genes expressed in non-nervous tissues. Some of them represent useful markers for developmental and/or comparative studies.
The 76% of genes differentially expressed in the tectum can be grouped into three classes: 77% had an expression pattern in the proliferative zone, 19% were expressed in the post-mitotic zone, and 4% showed differential expression in a crescent between these two zones. These results are presented in Table 1 in a condensed format and a representative example of each class is illustrated in greater detail.
Genes expressed in the proliferative zone
All these clones were selected on the basis of their horseshoe-like expression at the tectal margin, from stage 30 onwards; a striking point is that outside the tectum, as well as in the adult CNS, the expression of these clones may vary greatly, despite the similarity of their tectal expression pattern. Clone 256 furnishes an example of this class of genes: over 1.1 kb, its sequence resembles (58% amino acid identity) that of paired homeobox protein 2 (Prx2). A peripheral crescent of positive cells corresponding to this clone is present during all developmental (Fig. 5A,B ) and adult stages (Fig. 5C ) in the medaka tectum. No expression is seen in ventricular zones in the developing CNS. A few labelled cells are located in the periventricular pretectal nuclei of the dorsal diencephalon (PPv) in the adult brain (not shown).
Genes expressed in the post-mitotic zone
These clones have been selected in the screen because they exhibit an expression in the tectal central (post-mitotic) zone. Clone 62 (900 bp) exempli®es this class of genes: its sequence exhibits an open reading frame which reveals 76% amino acid identity to that of the mouse and human brainspeci®c homeobox/Pou domain protein (Brn-3b). Its expression in the medaka tectum starts in a super®cial and rostral zone, corresponding to the zone that ®rst ceases to proliferate. Its expression then spreads and occupies the super®cial part of the developing tectum, with the exception of the marginal areas (Fig. 5D,E) . This clone is detected in other parts of the developing, but not the adult, CNS, like the ganglion cell layer of the central part of the retina (Fig.  5E ), the telencephalon, the hindbrain, diencephalon, mesencephalon (Fig. 5E) , and the cerebellum (not shown). In the adult brain, the labelling is restricted to the deep layers of the tectum (Fig. 5F ) and a strong expression is found in the dorsal nucleus of the habenula (Fig. 5F ).
Genes expressed between the proliferative and postmitotic zones
This unexpected class of genes appeared to be expressed in a crescent-shaped zone lying at the limit between the proliferative and post-mitotic zones. They are few in number (4% of the patterned clones) and all that have been sequenced revealed similarity with down-regulators of cell cycle. A representative example is clone 363. The sequence of the insert (1.3 kb) presents some identity (29% amino acid identity over 401 bp) to that of the mouse cyclindependent kinase (Cdk) inhibitor p57. Starting from stage 30, this transcript is expressed in a crescent-shaped zone at the limit between the marginal (proliferative) zone and the central (post-mitotic) area (Fig. 5G,H ). In the adult brain, scattered cells in the deep layers of the tectum are strongly labelled (Fig. 5I ); in addition, numerous structures are stained in the adult brain (not shown).
ªMiscellaneousº genes
The cDNA library screened here was constructed from anterior head embryonic tissue; it was therefore not surprising to ®nd genes expressed either in the CNS but outside the tectum or outside the CNS. Some of these genes, which are out of the scope of the present study, can be of general interest as developmental or neuroanatomical markers.
Discussion
Out of the 500 cDNAs analysed in the screen reported here, 27% are differentially expressed, 41% are ubiquitous and 32% do not show any staining. From a quantitative point of view, these results are quite similar to those obtained in expression screens performed in Drosophila Table 1 Results melanogaster (Kopczynski et al., 1998) , Xenopus (Gawantka et al., 1998) , zebra®sh (Thisse et al., 2000) and medaka (Henrich and Wittbrodt, 2000) . These screens were performed in different organisms and at various developmental stages. It is striking to observe that the proportions of ubiquitously expressed clones (roughly 50%), clones with no detectable expression and clones showing a patterned expression (roughly 25% each) are nevertheless similar. This may re¯ect intrinsic properties of cDNA libraries constructed from embryonic tissues (Lee et al., 1999) .
Candidate genes for the control of tectum morphogenesis
Our approach is somewhat different from that of the above-mentioned screens, in that our aim is to analyse late developmental events (morphogenetic phases, whereas most other screens dealt with early development) and because we performed detailed anatomical studies in the embryonic and adult brains. Our goal was to identify genes the expression of which was in clear relation with the proliferative or post-mitotic zones of the developing OT.
We indeed found such genes, at a rather high frequency (76% of the differentially expressed genes), 77% of which were expressed in the proliferative zone, 19% had an expression pattern in the post-mitotic zone, and 4% showed differential expression in a crescent between these two zones. Thus, a vast majority of transcripts with patterned expression are expressed in the tectum and more precisely in the proliferative zone. This result validates the choice of the embryonic stage at which the cDNA library was constructed. Indeed, at stage 30-31: (i) the OT comprises most of the embryonic tissue dissected out to construct the cDNA library (see Fig. 2 ) and (ii) within the OT, the neuroepithelium (proliferative zone) forms a large zone at the margin of the tectal plate and differentiation processes are just beginning (Nguyen et al., 1999) .
An important question is whether the criteria chosen for this screen proved valid. It is clear that the differential expression pattern of genes in the developing OT is indeed an ef®cient tool for screening and that it allows to put forward strong hypotheses concerning gene function. The reasons are as follows:
The clones that we have found to be expressed in the peripheral tectal crescent and whose sequences show significant matches with published database sequences, correspond to genes known to be related to cell proliferation, or at least to be speci®cally expressed in proliferative zones of developing tissues. To limit ourselves to a few examples, DeltaA (clone 108 in this screen) is expressed in neuronal progenitors in the developing zebra®sh spinal cord, where it participates in the speci®cation of several types of neurons (Appel and Eisen, 1998) . Its expression is rapidly down-regulated when these neurons are speci®ed and become post-mitotic. Sox3 (clone 82) is ubiquitously expressed in undifferentiated, proliferative cells of the neural epithelium throughout neurogenesis in the chick (Uwanogho et al., 1995) and in the neuroectoderm and ectodermal placodes of the sensory organs during early medaka embryogenesis (Koster et al., 2000) .
Similarly, all clones expressed in the tectal post-mitotic zone and the sequence of which show some similarity with characterised sequences, correspond to genes known to be implicated in early events of differentiation. For example, mouse Brn-3b (also called Brn-3.2, which corresponds to clone 62) is selectively expressed in post-mitotic, differentiated neurons during CNS development in the mouse (Turner et al., 1994) . Its expression is critical for retinal ganglion cell differentiation in chick and mouse (Gan et al., 1996 (Gan et al., , 1999 Liu et al., 2000) . Similarly, Meis2 (clone 214 in this screen) is expressed at high levels in post-mitotic cells underlying the ventricular zone lateral to the medial ganglionic eminence of the mouse telencephalon (Toresson et al., 2000) .
Finally, all the (few) genes that are expressed in a crescent located between the proliferative and post-mitotic zones exhibit some sequence similarity with known downregulators of the cell cycle. It is, for instance, the case of the insert of clone 363 which belongs to the p57 KIP2 family of Cdk inhibitors. Genes of this family negatively regulate cell cycle progression in mammalian cells by inhibiting the activities of Cdks (Lee et al., 1995) . This class of genes is of special interest because: (1) amongst all the genes found in the screen, it is for these ones that the correlation between expression domain (limit between proliferating and postmitotic zones) and proposed function (cell cycle arrest) appears the easiest to draw and the most meaningful, and (2) down-regulators of the cell cycle are prime candidates as effectors of morphogenesis; indeed, by instructing cells where and when to stop dividing, they are likely to be major regulators of organ size and shape (Elledge and Harper, 1994; Conlon and Raff, 1999) .
Therefore, for all the isolated clones the sequences of which correspond to known genes, there is a tight correspondence between what can be inferred from the expression pattern in the medaka OT and what is known about the gene function in other biological systems. Obviously, an expression pattern alone is not suf®cient to predict a gene's function. Nevertheless, this perfect match, recorded on a fair number of genes, allows to propose testable hypothesis for the function of the clones with uncharacterised sequences, which are of course of primary interest in such a screen.
Continuous expression of developmental genes in the adult brain
Besides its main objective, which is to ®nd new regulators of cell proliferation and differentiation in the developing nervous system, this screen allows us to draw more general conclusions.
We extended our developmental analysis by performing a systematic histological analysis of hybridised adult brains. We found that all genes expressed in the tectum proliferative zone throughout development have an expression, which persists in this area in the adult tectum, as illustrated by clone 256 (Prx2) (Fig. 5C ). However, one must keep in mind that this could be due to the particularities of the ®sh model. It is known that the teleostean CNS is characterised by continuous growth throughout life, at least in some areas. The OT is a case in point (Raymond and Easter, 1983; Nguyen et al., 1999) , but this holds true for other brain areas (Zupanc and Horschke, 1995) . Therefore, it seems logical to ®nd a continuous expression of genes regulating neural development in the adult ®sh CNS, at least if the parsimonious hypothesis is adopted that the same genetic mechanisms are implicated in the building of nervous structures during embryogenesis and in their continuous growth in the adult. Our results strongly suggest that it is the case at least for the OT.
More generally, we found that genes that are expressed in speci®c brain areas during development (potential developmental regulators) continue to be expressed in the adult brain, albeit not necessarily in the same structures only. Indeed, in numerous instances, new territories of expression appear in the adult CNS: for example, clone 82 (Sox3), the expression of which is restricted to the ventricular (proliferative) zones of the developing CNS, is expressed in some telencephalic nuclei in the adult. This suggests that developmental regulators can be re-used in the adult to ful®l new or additional roles in the CNS, a result that does not come as a surprise, given the extremely high degree of complexity of the vertebrate brain.
This screen has proven to be successful at discovering new molecules and it allows to put forward hypotheses concerning their function in neural proliferation and differentiation. However, true functional tests are of primary importance and are the logical continuation of a genetic screen. They will be performed by taking advantage of recent advances in transgenesis in medaka or by injecting morpholino antisense oligonucleotides (Nasevicius and Ekker, 2000) .
Experimental procedures

Fish strains and breeding conditions
Medaka embryos and adults of an Orange-Red strain (kindly provided by A. Shima, Tokyo University and Y. Ishikawa, Chiba) were used in all experiments. Fish were raised in 20-l tanks at 258C, with a 12-h day/12-h night cycle (standard regime) or 14-h light/10-h darkness (reproduction regime). Eggs were collected daily and incubated in Petri dishes in Yamamoto's embryo rearing medium (Yamamoto, 1975) at 278C. Embryos were staged according to Iwamatsu (1994) . Animal care and experiments were conducted in accordance with national regulations.
Dissection
One thousand to two thousand`anterior embryonic brains' were dissected using the following procedure: embryos at stage 30-31 were dechorionated with hatching enzyme (Yasumasu et al., 1994) and individually placed, dorsal side up, in water droplets in a Petri dish. The dish was then brie¯y placed on liquid nitrogen and positioned on an ice bed under a dissecting microscope. The head of the embryos were then detached (broken) using a sharpened and cooled needle (Fig. 2) , and immediately transferred to an Eppendorf tube¯oating on liquid nitrogen. This procedure yields material consisting mostly of nervous tissue (all brain vesicles), but also little amounts of head mesenchyme and skin, and notably, the heart: this organ is located just beneath the telencephalon in these embryos.
Construction of medaka anterior brain cDNA library
A directional cDNA library was constructed as follows: from the material collected as described above, poly(A 1 ) mRNA was isolated using magnetobeads (Dynal, Norway) according to the manufacturer's instructions. cDNA was synthesised by using oligo(dT) primers and DNA was ampli®ed for a limited number of polymerase chain reaction (PCR) cycles following SMART kit instructions (Clontech, CA, USA), separated according to fragment length (Sepharose CL4B columns; Pharmacia, Sweden), ligated into the EcoRI-XhoI sites (5 H -3 H ) of pBSII/SK 1 (Stratagene, CA, USA), and transferred into Escherichia coli XL1 Blue (Stratagene) by heat-pulse. Transformed cells were harvested in LB Amp Tet /30% glycerol and stored at 2808C.
The plasmid library was plated at low density, individual bacterial colonies were picked and grown in 96-well plates in Hogness medium and stored at 2208C. DNA inserts were PCR-ampli®ed directly from bacteria using T3 and T7 primers. Digoxigenin-labelled antisense RNA probes were synthesised from PCR-ampli®ed templates using T3 RNA polymerase.
Whole-mount in situ hybridisation and histological analysis
In situ hybridisation and histological studies were performed according to Nguyen et al. (1999) . For each cDNA tested, embryos of stages 20, 24, 30, 35, 39 (about ten embryos per stage) and three adult brains were used.
The small size of medaka embryos allowed to process all the stages as a batch and to embed them in a single wax block for analysis. Whole-mount embryos were cleared in glycerol and photographed with a Olympus SZX12 binocular microscope. Wax sections were counterstained with nuclear fast red and photographed with a Leica DMR microscope. In both cases, pictures were acquired with a Nikon DXM 1200 digital camera. The background of the pictures was homogenised but the images were otherwise not retouched.
Sequencing
5
H and 3 H cDNA ends were sequenced by automated sequencing. The average length of reads was 630 bp. Sequences were compared with Genbank and Swissprot database sequences using BLAST programs (National Center for Biotechnology Information (NCBI), USA).
